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a b s t r a c t 

The introduction of SARS-CoV-2 containing human stool and sewage into water bodies may raise public 

health concerns. However, assessment of public health risks by faecally contaminated water is limited by 

a lack of knowledge regarding the persistence of infectious SARS-CoV-2 in water. In the present study the 

decay rates of viable infectious SARS-CoV-2 and SARS-CoV-2 RNA were determined in river and seawater 

at 4 and 20 °C. These decay rates were compared to S. typhimurium bacteriophage MS2 and pepper mild 

mottle virus (PMMoV). Persistence of viable SARS-CoV-2 was temperature dependent, remaining infec- 

tious for significantly longer periods of time in both freshwater and seawater at 4 °C than at 20 °C. T 90 

for infectious SARS-CoV-2 in river water was 2.3 days and 3.8 days at 20 °C and 4 °C, respectively. The T 90 

values were 1.1 days and 2.2 days in seawater at 20 °C and 4 °C, respectively. In contrast to the rapid inac- 

tivation of infectious SARS-CoV-2 in river and sea water, viral RNA was relatively stable. The RNA decay 

rates were increased in non-sterilised river and seawater, presumably due to the presence of microbiota. 

The decay rates of infectious MS2, MS2 RNA and PMMoV RNA differed significantly from the decay rate 

of SARS-CoV-2 RNA, suggesting that their use as surrogate markers for the persistence of SARS-CoV-2 in 

the environment is limited. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Sewage may contain a variety of human viruses belonging to 

t least 41 viral families, including Adenoviridae , Polyomaviridae 

nd Papillomaviridae, which may cause gastrointestinal and respi- 

atory disease among other pathologies ( Cantalupo et al., 2011 ; 

ernandez-Cassi et al., 2018 ; Martínez-Puchol et al., 2020 ). Pollu- 

ion of coastal waters and rivers by sewage or by faecal contam- 

nation from non-point animal sources therefore poses a serious 

ublic health risk due to ingestion of contaminated water dur- 

ng recreational activities or contamination for of shellfish for hu- 

an consumption ( Ballesté et al., 2020 ; Bellou et al., 2013 ; Soller 

t al., 2010 ; Yamahara et al., 2007 ). Human faecal contamination 

riginating from sewerage misconnections, combined sewage over- 

ows or discharges from wastewater treatment plants may occur 

requently in urban areas ( Ahmed et al., 2019 ; Kay et al., 2008 ;

anasiuk et al., 2015 ; Reynolds et al., 2020 ). 
∗ Corresponding author. 
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SARS-CoV-2, a positive sense single stranded RNA coronavirus, 

auses respiratory disease that varies in severity and may ulti- 

ately prove to be fatal, although the majority of infected individ- 

als exhibit mild symptoms or are asymptomatic ( Gorbalenya et al, 

020 ; Wang, Horby et al., 2020 ). To date, there are over 119 mil-

ion confirmed cases globally, resulting in 2.6 million deaths ( WHO, 

020 ). Although SARS-CoV-2 initially causes infection of the upper 

espiratory tract, it subsequently disseminates to other parts of the 

ody. Recent studies have shown that 27 to 89% of infected indi- 

iduals shed SARS-CoV-2 RNA in their stool, with 10 7 RNA/g faeces 

ne week after symptoms develop, dropping to 10 3 g/faeces after 

hree weeks ( Wölfel et al., 2020 ; Zhang et al., 2020 ). Viral RNA

emains present in faeces after respiratory tract samples are PCR 

egative, suggesting gastrointestinal replication ( Chen et al., 2020 ; 

in et al., 2020 ; Y. Wu et al., 2020 ). Viable virus particles have been

etected in faeces in a recent study the first week after symptoms 

evelop ( Wang, Xu et al., 2020 ). 

The presence of SARS-CoV-2 RNA in stool samples of both 

ymptomatic and asymptomatic infected individuals implies that 

astewater surveillance is a viable means to monitor the circula- 
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ion of SARS-CoV-2 in the population ( Bivins et al., 2020b ; Kitajima

t al., 2020 ). Indeed, following initial reports of detection of viral 

NA in the influent of wastewater treatment plants, it now has 

een firmly established that the levels of SARS-CoV-2 RNA are a 

aluable and robust indicator of the prevalence of the virus in the 

ommunity ( Haramoto et al., 2020 ; Medema et al., 2020 ; Patel et

l., 2020 ; Randazzo et al., 2020 ). SARS-CoV-2 RNA is relatively sta- 

le in sewage and non-chlorinated drinking water ( Ahmed et al., 

020 ). A subsequent study showed that viable SARS-CoV-2 decays 

n dechlorinated tap water and in sewage with T 90 ranging be- 

ween 1.6 and 2.1 days ( Bivins et al., 2020a ). However, the persis-

ence of the infectious SARS-CoV-2 particle in the natural aquatic 

nvironment remains unknown. It therefore not clear to what ex- 

ent environmental contamination with untreated human sewage 

oses a risk to public health due to transmission of SARS-CoV-2 to 

ndividuals coming into contact with sewage contaminated water 

 La Rosa et al., 2020 ). 

Pepper mild mottle virus (PMMoV) has been recently pro- 

osed as human pollution indicator since it is the most abun- 

ant RNA virus in human faeces and is present in high relative 

oncentrations in sewage ( Kitajima et al., 2018 ). Furthermore, it 

as been evaluated as a virus process indicator for drinking wa- 

er and sewage treatments ( Symonds et al., 2019 ). F-specific col- 

phages have been widely used as an indicator of water quality, as 

ell as an indicator for the of enteric viruses in water disinfec- 

ion treatments ( Jofre et al., 2016 ; Lucena and Jofre, 2014 ; McMinn

t al., 2017 ). Bacteriophages have been included in water quality 

uidelines and rapid tests have been developed to detect infectious 

articles ( Blanch et al., 2020 ). PMMoV and S. typhimurium bacterio- 

hage MS2 (F-specific phage) are non-enveloped single-strand RNA 

iruses ( Jofre et al., 2016 ; Rosario et al., 2009 ) but are both abun-

ant in human faeces and used as a process control. This study 

valuates their persistence and their usefulness in aquatic environ- 

ents as compared to infectious SARS-CoV-2. 

In this study we determined the decay rates of viable infectious 

ARS-CoV-2 and SARS-CoV-2 RNA in river and seawater. These de- 

ay rates are compared to S. typhimurium bacteriophage MS2 and 

MMoV showing that the latter behave differently than SARS-CoV- 

 and may therefore not be potential surrogates. We show that 

he presence of microbiota increases the decay rates of SARS-CoV-2 

NA at 20 °C. 

. Materials and methods 

.1. Virus stock preparation 

A clinical strain of SARS-CoV-2 (nCoV-Italy-INMI1), obtained 

rom the European Virus Archive Global (EVAg), was propagated in 

eroE6 cells (ATCC CRL-1586). A master stock was passaged to P2 

n VeroE6 cells at a multiplicity of infection (MOI) of 0.01 in Dul- 

ecco’s Modified Eagle’s Medium (DMEM) supplemented with 2% 

eat-inactivated foetal bovine serum (FBS), following two freeze- 

haw cycles at -80 °C. Virus stocks were titred on VeroE6 cells and 

nfectivity quantified by TCID50 assay, in which cytopathic effect 

CPE) was scored 48 hours post-infection and calculated according 

o the method of Reed and Muench ( Reed and Muench, 1938 ). 

Pepper mild mottle virus was purchased from the DSMZ under 

atalogue number PV-0093 and was resuspended according to the 

train collection protocol. 

A high titre stock of MS2 bacteriophages (ATCC 15597-B1) was 

btained using Salmonella typhimurium strain WG49 (NCTC 12484). 

hage lysates were prepared by plating plaque-purified phage ac- 

ording to ( ISO, 1995 ). The plaques were resuspended in tryptone- 

east extract-glucose (TYGB) medium broth, centrifuged at 30 0 0 g 

or 10 min and the phage lysate was filtered through a 0.22 μm 

lter ( Dennehy and Turner, 2004 ). MS2 bacteriophage and S. ty- 
2 
himurium WG49 were kindly provided by Dr. Anicet Blanch, Uni- 

ersity of Barcelona. 

.2. Experimental microcosm design 

Microcosm experiments were carried out in river water and 

eawater obtained from the Grand Canal, Dublin and from Dublin 

ay Water samples (150 ml), respectively, were filter sterilized 

0.22 μm) and spiked with infectious SARS-CoV-2 (final concen- 

ration 3.16 × 10 4 TCID50/ml), pepper mild mottle virus (final con- 

entration 3.2 × 10 10 GC/ml) and MS2 (final concentration 6.5 × 10 6 

fu/ml). Spiked water (500 μl) was aliquoted into sterile 2 ml 

crew cap tubes. Microcosms were maintained in duplicate in the 

ark at either 4 °C ±2 °C or at 20 °C ±2 °C under BSL-3 laboratory con-

itions. Samples were taken after the microcosms were prepared, 

o determine the starting concentration, and subsequently at 4 and 

 hours. For the first week, samples were taken daily and after this 

oint sampling took place every two days until day 20. Microcosm 

amples were stored at -80 °C prior to analysis. 

In parallel, microcosms with non-filter sterilised fresh and sea 

ater were established in duplicate to assess the effect of filtration 

ia the difference in MS2 persistence under BSL-2 conditions. Wa- 

er samples (64 ml) were spiked with heat-inactivated SARS-CoV-2 

final concentration 8.1 × 10 6 GC/ml), pepper mild mottle virus (fi- 

al concentration 3.2 × 10 10 GC/ml) and MS2 (final concentration 

.5 × 10 7 pfu/ml). SARS-CoV-2 was heat inactivated at 60 °C for 30 

inutes prior to spiking. To ensure that there was no difference in 

NA quality and stability following heat inactivation, we compared 

ARS-CoV-2 RNA from matched non-heat inactivated and heat in- 

ctivated virus, and did not observe any difference between these 

n RT-qPCR assays as was previously reported ( Wang, Lien et al. 

020 ). The spiked water samples were subsequently aliquoted (1 

l) into sterile 2 ml screw cap tubes. Microcosms were maintained 

t 4 °C ±2 °C and at 20 °C ±2 °C in the dark. Microcosms were sam-

led immediately and then at day 1, 2, 3, 6, 8, 14 and 20. Only

ime points on day 0, 3, 6, 8, 14 and 20 were selected for RNA viral

ecay analysis. Samples were stored at -80 °C until further analysis. 

.3. Enumeration of infectious SARS-CoV-2 and MS2 

At each time point, water samples were titred on VeroE6 cells 

nd infectious titre determined by TCID50 assay. Cytopathic effect 

CPE) was scored 48 hours post-infection and TCID50 calculated as 

escribed ( Reed and Muench, 1938 ). 

Infectious MS2 was enumerated using the double agar layer 

laque assay method adapted from EPA Method 1602 ( USEPA, 

0 01 ). Briefly, 10 0 μl microcosm subsample was mixed with 1 ml 

f Escherichia coli strain HS culture and 2.5 ml of 0.7% (w/v) tryptic 

oy agar (TSA) before pouring onto 1.5% TSA plates. Plates were in- 

ubated at 37 °C ±2 °C for 16-24 hours. The bacterial host strain Es- 

herichia coli HS was prepared according to the manufacturer’s in- 

tructions (Bluephage S.L., Spain). A positive control for the detec- 

ion of F-specific coliphages (Bluephage S.L., Spain) was included in 

ach assay. 

.4. Viral RNA extraction 

Viral RNA was extracted from 140 μl of each microcosm sub- 

ample using the QIAamp Viral RNA Mini Kit (Qiagen, Germany). 

n addition, RNA extraction controls (positive: SARS-CoV-2, neg- 

tive: PCR grade water) were added. RT-qPCR assays were per- 

ormed within 24 hours of RNA extraction. 

.5. RT-qPCR analysis 

RT-qPCR assays were performed on the Roche Lightcycler 96 

latform (Roche Diagnostics, Germany) in a total volume of 20 μl, 
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Table 1 

Primers, probes, cycling conditions, Limit of Detection (LoD) and Quantification (LoQ) used in this study. 

Target Gene 

Primer/Probe 

Sequence (5’ -3’) 

Primer/Probe 

Concentration 

LoD gc per μl of 

reaction 

LoQ gc per μl of 

reaction Cycling Condition Reference 

N1 SARS-CoV-2 

Nucleocapsid 

2019-nCoV_N1-F 

GACCCCAAAAT 

CAGCGAAAT 

500nM 4.5 gc/μl 4.5 gc/μl RT (50 °C - 600s), 

95 °C - 30s, 45 

cycles (95 °C - 5s, 

60 °C -30s) 

( Centers for 

Disease Control 

and Prevention, 

2020 ) 

2019-nCoV_N1-R 

TCTGGTTACTGC 

CAGTTGAATCTG 

500nM 

2019-nCoV_N1-P 

FAM- 

ACCCCGCATTAC 

GTTTGGTGGACC- 

IBFQ 

125nM 

Pepper Mild Mottle 

Virus 

PMMV-FP1-rev 

GAGTGGTTTGACC 

TTAACGTTTGA 

PMMV-RP1 

900nM 160 gc/ μl 160 gc/ μl RT (50 °C - 600s), 

95 °C - 30s, 45 

cycles (95 °C - 15s, 

60 °C -60s) 

( Haramoto et al., 

2013 ; Zhang et al., 

2006 ) 

TTGTCGGTTGCA 

ATGCAAGT 

900nM 

PMMV-Probe1 

FAM-CCTACCGAAG 

CAAATG-BHQ1 

200nM 

MS2 Pecson-2F 

AAGGTGCCTACAA 

GCGAAGT 

1000nM 17.6 gc/ μl 17.6 gc/ μl RT (50 °C - 600s), 

95 °C - 30s, 45 

cycles (95 °C - 5s, 

60 °C -30s) 

( Carratalà et al., 

2013 ; Pecson et al., 

2009 ) 

Pecson-2R 

TTCGTTTAGGGCAA 

GGTAGC 

1000nM 

PecP-2 

FAM- 

ATCGTGGGGTCGC 

CCGTACG-BHQ1 

250nM 

c

s

n

m

f

g

q
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ontaining 5 μl of template (1 μl for pepper mild mottle virus as- 

ays) using LightCycler Multiplex RNA Virus Master (Roche Diag- 

ostics, Germany). Primer sequences and concentrations and ther- 

al cycling conditions for each gene are given in Table 1 . 

MS2 and pepper mild mottle virus were quantified using 10- 

old dilutions of gBlock Gene Fragments (Integrated DNA Technolo- 

ies, USA). An N1 amplicon was used as standard for SARS-CoV-2 

uantification. The 2019-nCoV_N_Positive Control (Integrated DNA 

echnologies, USA) was amplified by end-point PCR following the 

enters for Disease Control and Prevention protocol ( Centers for 

isease Control and Prevention, 2020 ). The amplicon was purified 

sing QIAquick PCR purification kit (Qiagen, Germany) and quanti- 

ed with Qubit (Invitrogen, USA) 

All samples, negative controls and extractions blanks were an- 

lyzed in duplicate and four triplicate quantification standards 

ere included in each 96-well plate. Results were expressed in 

C/ml. The efficiency of each reaction was determined using the 

 = 10 (1/slope) -1 equation ( Rutledge 2003 ). The limit of detection 

as determined as the lowest concentration of DNA detected in 

5% or more of replicates and the limit of quantification was de- 

ermined as the lowest concentration of DNA quantified within 0.5 

tandard deviations of the log 10 concentration ( Table 1 ) ( Blanchard 

t al., 2012 ; Rutledge and Stewart, 2008 ). 

.6. Data analysis 

The decay rates were determined with a first order decay model 

 Chick, 1908 ) and a biphasic decay model. 

The first-order decay rate constant was calculated using the fol- 

owing formulas: 

 t = N 0 e 
−kt 

n ( N t / N 0 ) = −kt 
3 
Where N t and N 0 are the concentrations of TCID50, pfu or GC 

n the microcosm at time t and time 0 and k is the decay rate. 

The biphasic decay model was modeled using the following for- 

ula: 

 t = N f 0 e 
−k f t + N s 0 e 

−kst 

Where N t is the concentration at time t, N f0 is the initial con- 

entration of the fast decay period and Ns 0 , the initial concentra- 

ion of the slow decay period. k f and k s are the fast and slow decay

ates. 

The fit of the model was evaluated by r 2 , RMSE and Wald- 

olfowitz runs test. The models were compared with the extra 

um-of-squares F test, the best fitting model was chosen. Signif- 

cant differences were determined at an alpha level of 0.05. The 

ays needed to achieve a 90% reduction in initial concentration 

as calculated as follows: 

 90 = −ln ( 0 . 1 ) /k 

Prism8 (GraphPad Software, USA) was used to perform the sta- 

istical analysis and to prepare data plots. 

. Results 

.1. Decay rates of infectious SARS-CoV-2 are higher in seawater than 

n river water 

To determine the persistence of SARS-CoV-2 in the environment 

nd to assess public health risks of sewage spills it is critically im- 

ortant to know the decay rates of infectious viral particles un- 

er environmental conditions. We therefore set up microcosm ex- 

eriments in which filter-sterilised river water and seawater was 

piked with infectious SARS-CoV-2 and incubated at 4 and 20 °C. In 

ddition, bacteriophage MS2 and PMMoV were added at the start 



L. Sala-Comorera, L.J. Reynolds, N.A. Martin et al. Water Research 201 (2021) 117090 

Table 2 

Inactivation parameters of infectious SARS-CoV-2 and MS2 in river water and seawater, first-order decay rates were estimated by linear regres- 

sion. 95% confidence interval (CI) have been included. ns: non significant deviation from the model. sv: significant variation. s: stable for the 

duration (20 days) of the experiment. 

k mean (day −1 ) 95% CI r 2 RMSE Runs test 

SARS-CoV-2 filter 

sterilised water 

River water 4 °C 0.61 0.69 to 0.53 0.93 0.57 p = 0.05 sv 

20 °C 1.01 1.22 to 0.80 0.92 0.66 p = 0.10 ns 

Seawater 4 °C 1.07 1.30 to 0.83 0.91 0.73 p = 0.71 ns 

20 °C 2.02 2.21 to 1.83 0.99 0.28 p = 0.50 ns 

MS2 filter sterilised 

water 

River water 4 °C s 

20 °C 0.71 1.08 to 0.34 0.73 1.22 p = 0.67 ns 

Seawater 4 °C 0.23 0.36 to 0.09 0.31 1.39 p = 0.50 ns 

20 °C 0.30 0.49 to 0.09 0.04 2.04 p = 0.20 ns 

MS2 non-filter 

sterilised water 

River water 4 °C s 

20 °C 1.17 1.24 to 1.09 0.99 0.32 p = 0.20 ns 

Seawater 4 °C 0.34 0.47 to 0.22 0.69 1.46 p = 0.54 ns 

20 °C 1.23 1.71 to 0.75 0.63 1.99 p = 0.20 ns 

Fig. 1. Decay of infectious SARS-CoV-2 in filter sterilised river water and seawater 

at 4 °C and 20 °C. Data points represent mean values obtained from duplicate exper- 

iments. Error bars represent standard deviation.TCID 50 : fifty percent tissue culture 

infectious dose. 

Fig. 2. Mean decay curves of infectious SARS-CoV-2 in filter sterilised river water 

and seawater at 4 °C and 20 °C. Data points represent mean values obtained from 

duplicate experiments. Error bars represent standard deviation 
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f the experiment to evaluate their usefulness as a surrogate for 

ARS-CoV-2. 

Following inoculation at a titre of 3.16 × 10 4 TCID 50 /ml, infec- 

ious SARS-CoV-2 titres remained stable for 24 hours in river water 

t both 4 and 20 °C and in seawater at 4 °C. In contrast, SARS-CoV-

 infectivity in seawater at 20 °C started to decline after 4 hours 

 Fig 1 ). Infectious SARS-CoV-2 was more stable in river water than 

n seawater, and more stable at 4 than at 20 °C ( Fig. 2 ). The first-

rder decay rates ranged from 0.61 to 2.02 day −1 ( Table 2 ). Inter-

stingly, the decay rates for infectious SARS-CoV-2 in seawater at 

oth temperatures were higher than those for river water at the 

ither temperature. The estimated decay rate in river water at 4 °C 

as 0.61 day −1 (T 90 = 3.8 days) and 1.01 day −1 (T 90 = 2.3 days) at

0 °C, whereas in seawater the decay rates were 1.07 day −1 (T 90 = 

.2 days) and 2.02 day −1 (T = 1.1 days) ( Table 3 ). 
90 

4 
In contrast to the rapid inactivation of infectious SARS-CoV-2 

n river and sea water, the N1 RNA marker was relatively stable, 

howing no decline in river water for the duration (20 days) of the 

xperiment at either 4 or 20 °C ( Fig 4 a). At 4 °C in seawater, a de-

line was observed, however, it did not achieve 1 log 10 reduction. 

lthough the levels of the N1 marker did decline in sea water at 

0 °C, the decay rate (0.14 day −1 , T 90 = 16.6 days) was lower than

hose of the infectious particle ( Fig 4 a, Table 4 ). 

.2. Decay of potential SARS-CoV-2 surrogates MS2 and PMMoV in 

lter-sterilised sea and river water 

Bacteriophages or viruses abundant in human faeces, e.g., MS2 

r PMMoV are used to monitor the water quality and may be used 

s surrogates to evaluate the environmental persistence of human 

athogenic viruses, which is why these two potential surrogates 

ere included in SARS-CoV-2 microcosms using filter sterilised sea 

nd river water. Water was filter sterilised to avoid any risk of 

acterial contamination or non-specific cytopathic effects in the 

eroE6 cells used in the infectivity assays of SARS-CoV-2. 

Viable MS2 particles were most stable at 4 °C in river and sea 

ater ( Fig 3 a). The highest inactivation rate was observed in river 

ater at 20 °C (T 90 = 3.2 day −1 ). The T 90 values in seawater were

0.2 and 7.8 days at 4 and 20 °C, respectively ( Table 2 , 3 ). Under

ll microcosm conditions tested here, viable MS2 particles were 

ore stable than infectious SARS-2-CoV-2 ( Fig 2 , 3 a, Table 2 , 3 ).

he largest difference in decay rates was observed in river wa- 

er at 4 °C, where the decay rate for viable SARS-CoV-2 was 0.61 

ay −1 , and MS2 particles did not exceed 1 log 10 reduction during 

he course of the experiment (20 days). The decay rates of infec- 

ious SARS-CoV-2 and MS2 were most similar in river water mi- 

rocosms at 20 °C, with only a 1.4-fold difference between SARS- 

oV-2 and MS2 ( Table 2 ). In sharp contrast, SARS-CoV-2 RNA was 

ore stable than MS2 RNA under all conditions tested. SARS-CoV-2 

nd MS2 RNA decay rates were determined with a first order de- 

ay model so that these could be compared to the decay rates of 

he infectious particle. 

The difference was most notable in river water in which SARS- 

oV-2 RNA, but not MS2 RNA, was completely stable for the dura- 

ion (20 days) of the experiment at 20 °C ( Fig 4 a,c, Table 4 ). The

ifferences were less pronounced in sea water, where the decay 

ate for MS-2 RNA was 1.2-fold larger than for SARS-CoV-2 RNA at 

0 °C ( Table 4 ). 

The PMMoV RNA decay profile was similar to that of SARS-CoV- 

 ( Fig 4 a,e). In both cases viral RNA was stable in river water at 4

nd 20 °C for the duration (20 days) of the experiment. Both SARS- 

oV-2 RNA and PMMoV RNA levels decayed slightly in seawater at 

oth temperatures, however, they did not exceed 1 log 10 reduction 

or the duration of the experiment (20 days). 
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Table 3 

T 90 (days) with 95% confidence intervals (CI) for infectious SARS-CoV-2 and MS2 in river water and seawater. s: 

stable for the duration (20 days) of the experiment. 

T 90 (days) River water 4 °C River water 20 °C Seawater 4 °C Seawater 20 °C 

SARS-CoV-2 filter sterilised water 3.8 (3.3-4.3) 2.3 (1.9-2.9) 2.2 (1.8-2.8) 1.1 (1.0-1.3) 

MS2 filter sterilised water s 3.2 (2.6-6.8) 10.2 (6.4-25.3) 7.8 (4.7-23.5) 

MS2 non-filter sterilised water s 2.0 (1.9-2.1) 6.7 (4.9-10.7) 1.9 (1.3-3.1) 

Table 4 

Inactivation parameters of SARS-CoV-2, MSA and PMMoV RNA in river water and seawater, first-order decay rates were estimated by linear regression. 95% confidence 

intervals (CI) have been included. ns: non-significant deviation from the model. s: stable for the duration (20 days) of the experiment. 

Filter sterilised water Non-filter sterilised water 

k mean (day −1 ) 95% CI r 2 RMSE Runs test k mean (day −1 ) 95% CI r 2 RMSE Runs test 

SARS-CoV-2 RNA River water 4 °C s s 

20 °C s 0.44 0.64 to 0.25 0.45 2.03 p = 0.20 ns 

Seawater 4 °C s s 

20 °C 0.14 0.16 to 0.11 0.80 0.30 p = 0.76 ns 0.26 0.36 to 0.16 0.46 1.08 p = 0.40 ns 

MS2 RNA River water 4 °C s p = 0.15 ns s 

20 °C s p = 0.76 ns 0.46 0.55 to 0.38 0.94 0.84 p = 0.50 ns 

Seawater 4 °C 0.16 0.20 to 0.13 0.62 0.65 p = 0.17 ns 0.34 0.50 to 0.18 0.61 1.67 p = 0.50 ns 

20 °C 0.17 0.21 to 0.12 0.46 0.84 p = 0.06 ns 0.36 0.54 to 0.18 0.22 1.86 p = 0.20 ns 

PMMoV RNA River water 4 °C s s 

20 °C s 0.23 0.27 to 0.19 0.96 0.39 p = 0.20 ns 

Seawater 4 °C s s 

20 °C s s 

Fig. 3. Mean decay curves of infectious MS2 in (a) filter sterilised river water and 

seawater and (b) non-filter sterilised river water and seawater at 4 °C and 20 °C. Data 

points represent mean values obtained from duplicate experiments Error bars rep- 

resent standard deviation. 
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.3. Water microbiota increases viral and phage decay 

We studied the decay of infectious SARS-CoV-2 in filter ster- 

lised sea and river water to avoid any risk of bacterial contamina- 

ion or non-specific cytopathic effects in the VeroE6 cells used in 

he infectivity assays. However, this removes the microbial micro- 
5 
iota from the microcosm experiment. We therefore repeated the 

icrocosm experiments using non-sterilised river and sea water to 

xamine the impact of the microbiota on viral and phage decay. 

The effect of non-filtered sea and river water was pronounced 

or infectious MS2. The decay rates of infectious MS2 in non-filter 

terilised water were 1.4 to 4.1- fold higher than in filter sterilised 

ater ( Table 2 ). The decay rates of infectious MS2 in non-filter 

terilised river (1.17 day −1 ,T 90 = 2.0 days) and non-filter sterilised 

eawater (1.23 day −1 , T 90 = 1.9 days) were similar at 20 °C. At 4 °C,

S2 T 90 was 6.7 days (0.34 day −1 ) in seawater, in contrast, MS2 in

on-filter sterilised river water was stable for the duration of the 

xperiment (20 days 

Similar observations were made for SARS-CoV-2, MS2 and PM- 

oV (river water 20 °C) RNA where greater decay rates were ob- 

erved in non-filter sterilised than in filter sterilised water ( Table 

 ). SARS-CoV-2 RNA was more stable in non-filter sterilised wa- 

er at 4 °C, whereas rapid inactivation occurred at 20 °C ( Table 4 ,

 ). As was the case for non-filter sterilised water, SARS-CoV-2 RNA 

s more stable in sea water (T 90 = 8.9 days) than in river water 

T 90 = 5.2 days). Similar results were obtained for MS2, while PM- 

oV RNA (at 4 °C and seawater at 20 °C) was stable. Only between 

ARS-CoV-2 RNA and MS2 RNA in non-filter sterilised freshwater 

t 20 °C were decay rates similar. T 90 values were 5.2 and 5.0 days

or SARS-CoV-2 RNA and MS2 RNA, respectively. 

. Discussion 

In this paper we show that although SARS-CoV-2 RNA is rela- 

ively stable in both sea and river water, infectious SARS-CoV-2 de- 

ays rapidly in both water matrices, with faster decay rates in sea 

han in river water, and at 20 °C than at 4 °C. This is in agreement

ith other studies investigating persistence of coronaviruses in wa- 

er matrices; SARS-CoV-1 infectivity has been reported to persist 

or 3-5 days in river water ( Duan et al., 2003 ; Wang et al., 2005 ),

nd SARS-CoV-2 infectivity in dechlorinated tap water had a T 90 of 

.7 days ( Bivins et al., 2020a ). In contrast, mouse hepatitis virus, a 

-coronavirus, persisted for more than 14 days in lake water incu- 

ated at 4 °C and for 10 days at 25 °C ( Casanova et al., 2009 ; Sizun

t al., 20 0 0 ). SARS-CoV-2 and other coronaviruses are enveloped 

iruses, and are unable to maintain infectivity in the environment 

ncluding in water matrices as long as non-enveloped viruses such 
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Fig. 4. Mean decay curves of SARS-CoV-2, MS2 and PMMoV in filter sterilised river water and seawater and non-filter sterilised river water and seawater at 4 °C and 20 °C. 

Data points represent mean values obtained from duplicate experiments. Error bars represent standard deviation. 

Table 5 

T 90 (days) with 95% confidence intervals (CI) for SARS-CoV-2, MSA and PMMoV RNA in river water and seawater. s: stable for the duration (20 days) of the experiment. 

Filter sterilised water Non-filter sterilised water 

River water River water Seawater Seawater River water River water Seawater Seawater 

T 90 (days) 4 °C 20 °C 4 °C 20 °C 4 °C 20 °C 4 °C 20 °C 

SARS-CoV-2 

RNA 

s s s 16.6 

(14.0-20.2) 

s 5.2 

(3.6-9.4) 

s 8.9 

(6.3-14.9) 

MS2 RNA s s 14.4 

(11.8-18.4) 

14.0 

(11.0-19.3) 

s 5.0 

(4.2-6.0) 

6.7 

(4.6-12.7) 

6.4 

(4.3-12.9) 

PMMoV RNA s s s s s 10.2 

(8.7-12.2) 

s s 
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G

s norovirus, an enteric virus that is also shed in faeces and can 

ersist for > 61 days in water at room temperature ( Seitz et al.,

011 ). Salinity has previously been demonstrated to have a nega- 

ive effect on influenza virus stability, which is an enveloped RNA 

irus ( Dublineau et al., 2011 ), in contrast to non-enveloped en- 

eric viruses which maintain infectivity in salinated water ( Lo et 

l., 1976 ). 

Shedding of infectious SARS-CoV-2 in the stool and urine of in- 

ected COVID-19 patients is extremely low or undetectable, despite 

etection of viral RNA in these samples and in sewage ( Ahmed et 

l., 2020 ; Bivins et al., 2020b ; Wang, Xu et al., 2020 ; Wölfel et al.,

020 ). This, together with the rapid inactivation of SARS-CoV-2 in 

oth river and seawater, strongly indicates that the likelihood of 

iral transmission through contact with sewage contaminated wa- 

ers is low. 

In contrast to SARS-CoV-2, MS2 phage infectivity persisted for 

onger periods of time in all matrices and at both temperatures 
6 
valuated. Our data are similar to previous reports investigating 

S2 infectivity in river water and seawater ( Governal and Gerba, 

997 ; Muniesa et al., 2009 ; Ogorzaly et al., 2010 ), and the de-

ay rates for SARS-CoV-2 and MS2 were significantly different in 

ll conditions tested. This indicates that MS2 does not represent 

 relevant surrogate for persistence of coronaviruses and other 

nveloped viruses in water. Interestingly, MS2 infectivity decayed 

ore rapidly in non-filter sterilised than in filter sterilised water. 

his has been reported previously, where the presence of a mi- 

robial population in water has a negative effect on virus survival 

 Rzezutka and Cook, 2004 ; Yang and Griffiths, 2013 ) and filtra- 

ion of lake water significantly prolonged infectivity of duck plague 

irus ( Wolf and Burke, 1982 ). This may be due to the production 

f enzymes such as lipases and proteases as well as predation by 

or example protozoa. Heat treatment of water resulted in similar 

emoval of antiviral factors ( Hawley and Garver, 2008 ; Yang and 

riffiths, 2013 ). It therefore seems likely that infectious SARS-CoV- 
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 decays more rapidly in the presence of microbiota than reported 

ere for filter sterilised water. 

In contrast to infectious SARS-CoV-2 and MS2, viral RNA from 

ARS-CoV-2, MS2 and PMMoV remained detectable for the dura- 

ion of the experiment (20 days). In non-filter sterilised water, MS2 

nd SARS-CoV-2 RNA decayed at a faster rate than in filter ster- 

lised water. This was particularly evident in seawater and river 

ater incubated at room temperature. Similar to our observations 

hat MS2 infectivity decreased at a faster rate in non-sterile com- 

ared to sterile water, indigenous microbial populations in water 

ave been shown to have a negative effect on viral RNA stability 

 Rzezutka and Cook, 2004 ). The persistence of viral RNA in wa- 

er in the present study supports the use of nucleic acid detec- 

ion methods, including PCR, in the detection and quantification 

f SARS-CoV-2 RNA in environmental water samples. PMMoV RNA 

emained stable for the 20 day period measured in the current 

tudy, and MS2 RNA decay rates differed significantly from those 

f SARS-CoV-2 RNA, with the exception of non-filtered water at 

0 °C. PMMoV is stable and persist longer times in aquatic envi- 

onments, in previous studies, no significant decline has been ob- 

erved, thus PMMoV could be considered as a conservative marker 

ith respect to virus reduction ( Kitajima et al., 2018 ; Rachmadi et 

l., 2016 ). In sewage, a recent study demonstrated that mouse hep- 

titis virus (MHV) RNA decay rates were similar to that of SARS- 

oV-2, indicating that this β-coronavirus may represent a suitable 

urrogate for studies investigating the persistence of SARS-CoV-2 

NA in sewage and other water matrices ( Ahmed et al., 2020 ). In

ontrast, MS2 and PMMoV RNA persistence did not correlate with 

ARS-CoV-2 RNA in the present study. 

. Conclusion 

We demonstrated that infectivity of SARS-CoV-2 decreases 

apidly in filter-sterilised river and seawater water, particularly at 

igher temperatures. The data therefore suggest that river water 

nd seawater contaminated with sewage containing faecal matter 

rom SARS-CoV-2 infected individuals is unlikely to contain high 

evels of infectious virus due to the rapid inactivation of the virus 

n these matrices. Infectious MS2 persists longer than infectious 

ARS-CoV-2 in both river and seawater and is therefore not an 

ppropriate surrogate for the persistence of infectious SARS-CoV-2 

nder these conditions. The decay rates of infectious SARS-CoV-2 

n river and seawater at 4 and 20 °C far exceeds those of SARS- 

oV-2 RNA, even when the decay rates of SARS-CoV-2 RNA were 

etermined in the presence of microbiota. Although measurement 

f SARS-CoV-2 RNA therefore demonstrates that sea or river wa- 

er has been contaminated with the virus at some point in time 

n the past, it is not a valid methodology to assess the presence 

f infectious SARS-CoV-2 in the environment. The decay rates of 

ARS-CoV-2 RNA, MS2 RNA and PMMoV RNA differed, indicating 

hat their use as surrogates for SARS-CoV-2 is limited. 
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